Domperidone is preferentially used over other antiemetic agents to treat digestive symptoms in Parkinson's disease (PD). Concerns have been raised regarding an increased risk of ventricular tachyarrhythmia and sudden cardiac death (VT/SCD) associated with domperidone in the general population. However, the risk in PD is unknown.
Introduction
Domperidone is a peripheral dopamine D 2 receptor antagonist with antiemetic and gastroprokinetic properties. It is approved in many countries for the treatment of nausea, vomiting and dyspepsia associated with motility disorders. In particular, domperidone is used for the symptomatic management of digestive symptoms associated with antiparkinsonian drugs. It can also help manage orthostatic hypotension induced by antiparkinsonian drugs.
The intravenous form of domperidone was withdrawn from the market worldwide in the 1980s following reports of serious cardiac events. Subsequently, concerns were raised regarding the oral form of domperidone based on reported cases of cardiotoxicity and in vitro studies demonstrating cardiac electrophysiological effects on the rapid component of the cardiac delayed rectifier potassium current (I Kr ), resulting in QT prolongation [1] . Pharmacoepidemiologic studies in the general population suggesting an increased risk of ventricular tachyarrhythmia and sudden cardiac death (VT/SCD) prompted regulatory agencies to issue an advisory warning regarding its cardiac safety [2] [3] [4] [5] [6] . New recommendations issued recently by health agencies in Europe and Canada include a maximum recommended daily dose of 30 mg, and contraindications such as underlying cardiac disease or concomitant QT-prolonging drugs [7, 8] . To date, no studies have assessed the risk of serious cardiac adverse events in patients with Parkinson's disease who are taking domperidone.
Cardiovascular disease and Parkinson's disease often coexist, with studies suggesting an association between Parkinson's disease and increased risk of acute myocardial infarction [9] , impaired cardiac autonomic function, and a higher prevalence of cardiovascular comorbidities [10] . Heart failure is prevalent among patients with Parkinson's disease, estimated at 19% in one study, which may place this population at higher risk of VT/SCD when treated with medications that prolong the QT interval, such as domperidone [11] . Moreover, incidence of Parkinson's disease increases sharply after age 60 [12] and cardiac adverse events associated with domperidone may be greater in patients over 60 years old [3] . Characterization of the risk in patients with Parkinson's disease is of crucial importance given that domperidone is preferentially prescribed over other antiemetic agents and is often the only therapeutic option to prevent digestive side-effects of antiparkinsonian drugs because it does not readily cross the blood-brain barrier and does not worsen extrapyramidal symptoms in relation with Parkinson's disease. Our objective was therefore to assess the risk of VT/SCD associated with the use of domperidone in a population-based cohort of patients with Parkinson's disease.
Methods

Study design and source population
We conducted a retrospective cohort study using a nested case-control analysis to assess the risk of VT/SCD associated with the use of domperidone compared with no use in a cohort of patients with Parkinson's disease using eight healthcare databases within the Canadian Network for Observational Drug Effect Studies (CNODES) [13] . The provincial health administrative databases of the provinces of Alberta, British Columbia, Manitoba, Nova Scotia, Ontario, Québec and Saskatchewan, as well as the Clinical Practice Research Datalink (CPRD) in the UK formed the source population. Of note, CNODES studies also include the CPRD as it provides rapid access to large and comprehensive data, including on drugs marketed in the UK before Canada [13] . The results of these database-specific analyses were pooled via metaanalysis to obtain average treatment effects.
Ethics approval for each study was obtained from the respective academic institutions at all eight participating sites.
Cohort definition
The cohort included all patients in the databases aged 50 years or older (or 66 or older in Alberta, Ontario and Nova Scotia) with a first diagnosis of Parkinson's disease or a first prescription for an antiparkinsonian drug between 1 January 1990 (or one year after site-specific data was available, whichever was later) and 30 June 2012.
Cohort patients were required to have contributed a minimum of 365 days of information in the database prior to cohort entry. To identify patients newly-diagnosed with Parkinson's disease, we excluded those with a diagnosis of Parkinson's disease or who had been dispensed an antiparkinsonian drug in the year preceding cohort entry. Patients with a prescription for an antiparkinsonian drug without a diagnosis of Parkinson's disease but with another indication such as atypical parkinsonism or secondary parkinsonism, restless legs syndrome, hyperprolactinemia, or acromegaly in the year before cohort entry were not eligible for the study. We also excluded patients with a prescription for domperidone in the year before cohort entry as well as those with a history of ventricular tachyarrhythmia, aborted cardiac arrest, implantation of a cardiac defibrillator, cancer other than non-melanoma skin cancer, or patients in a long-term care facility in the year before cohort entry. All diagnoses, including PD, were identified using related International Classification of Diseases (ICD) 9 and 10 codes.
For all cohort members, cohort entry (time zero) was defined as the date of the first diagnosis of Parkinson's disease, or the date of the prescription for an antiparkinsonian drug, whichever came first within the study period. Follow-up for all cohort members ended on the earliest of the following dates: the date of the outcome, the last date of data collection (end of coverage due to death or emigration from the province, entry in a longterm care facility, transfer out of practice for CPRD database), or end of the study period (30 June 2012).
Case definition
The outcome consisted of a composite of VT or SCD. We identified all patients within our cohort with a first diagnosis of VT or SCD recorded at any time after cohort entry. The index date for each case was defined as the date of the first recorded VT or SCD. VT included ventricular tachycardia, fibrillation or flutter as identified by ICD 9 and 10 codes. SCD is classically defined as a sudden pulseless condition, whether immediately fatal or successfully resuscitated, that is consistent with a VT occurring in the absence of a known non-cardiac condition as the proximate cause of death [14, 15] . Accordingly, we aimed at identifying two types of out-of-hospital SCD cases: patients with a record of sudden death of presumed arrhythmic cardiac cause, and patients presumed to have died out of hospital from an arrhythmic cardiac event that was not necessarily labelled as sudden. VT and SCD occurring either in hospital or in long-term care facilities were excluded as prescriptions issued in these settings were not available. However, patients who were admitted for VT or resuscitated from SCD in an emergency department, or who died shortly (<24 h) after their arrival to hospital were included. Deaths apparently due to non-arrhythmic cardiac causes or to non-cardiac pathology were excluded in order to capture events most likely to be compatible with the cardiac effects of domperidone.
In practice, the composite outcome was defined using a three-step procedure performed independently in each province and centrally revised by the lead author (CR) as appropriate (Supplementary Figure S1) : first, all potential cases were identified using relevant ICD 9 and 10 codes for VT, cardiac arrest and SCD (ICD 9 427.1, 427.4, V12.53, 427.5, 798.1, 798.2, 798.9, ICD 10 I47.0, I47.2, I49.0, Z86.74, I46.0, I46.1, I46.9, R96.0, R96.1, R98). All potential cases of SCD were linked to death certificates or vital statistics databases. Second, the complete profile of all potential VT, SCD as well as deaths not labelled as sudden occurring during follow-up was subjected to a computer algorithm to identify and exclude events occurring either in hospital (after the first 24 h) or in long-term care facilities, and deaths apparently due to non-arrhythmic cardiac causes or life-threatening noncardiac causes [9] . To check and refine the accuracy of the computer algorithm, we initially reviewed the computerized medical records (CPRD) or administrative records (Manitoba and Ontario provincial databases) of a random sample of the potential cases of VT/SCD, blinded to the exposure status. Third, the computerized medical record (for CPRD) or the administrative record of all potential cases not excluded by the computer algorithm was manually reviewed in each centre to further exclude cases not meeting all inclusion and exclusion criteria, in particular to further exclude deaths apparently due to a non-arrhythmic aetiology.
Control selection
For each case, up to 30 controls were randomly selected among the cohort members in the risk sets defined by the case, after matching on age (±1 year), sex, date of cohort entry (±1 year) and duration of follow-up. If a case could not be matched to any control, the matching criteria were relaxed to age ± 2 years and cohort entry ±2 years. The index date for the controls was chosen in order for the controls to have the same duration of follow-up as their matched cases. Matching on duration of follow-up (i.e., our best estimate of duration of the disease) served as a proxy to control for potential confounding by progression and severity of Parkinson's disease. Because controls were selected from the risk set defined by each case, all controls were necessarily alive and event-free when matched to their corresponding case. The same exclusion criteria used for cases applied to the eligible controls.
Definition of exposure
For all cases and their matched controls, we identified all prescriptions for domperidone during the year prior to the index date. Current exposure to domperidone was defined as a prescription dispensed (or written for CPRD) within 30 days before the index date. Recent use was defined as a prescription dispensed between 31 and 90 days before the index date, and past use as a prescription dispensed between 91 and 365 days before the index date. No use was defined as no prescription of domperidone in the year preceding the index date and was the reference category. Consequently, current, recent, past users and non-users represented mutually exclusive exposure categories. schizophrenia), cancer and measures of health utilization (number of hospitalizations and physician visits). All comorbidities were identified using related ICD 9 and 10 codes except for diabetes and hyperlipidaemia that were identified through diagnostic codes or use of antidiabetic and lipidlowering drugs, respectively. We also measured use of the following drugs: antihypertensive medications (beta-blockers, thiazide diuretics, calcium-channel blockers, angiotensin receptor blockers, and angiotensin-converting enzyme inhibitor), anticoagulants, antiplatelets, antiparkinsonian drugs, drugs that could prolong the QT interval [16] , and strong inhibitors of CYP3A4 (as domperidone is mainly metabolized via the cytochrome p450 3A4 isoenzyme) [17] . All covariates were measured in the year before the index date except QT-prolonging drugs and strong inhibitors of CYP3A4, measured in the month preceding the index date.
Data analysis
Because of the time-dependent nature of drug exposure and covariates, we used a nested case-control approach for the analysis [18, 19] . Thus, conditional logistic regression was used to compute odds ratios that are unbiased estimators of incidence rate ratios (RRs), with little or no loss in precision. All analyses were performed independently at each site, which were kept blind to results from the other sites until the meta-analysis was conducted.
In the primary analysis, RR of VT/SCD associated with current use of domperidone and their corresponding 95% confidence intervals (CI) were estimated from the odds ratios calculated using conditional logistic regression. By the matching process, all RR were inherently adjusted for sex, age, duration of follow-up and calendar time. In addition, potential confounders described in the previous section were included in the multivariate analysis. In secondary analyses, we assessed the risk of VT/SCD in recent and past users as well as among current users according to duration of domperidone use (≤30 days, >30 days), and to the daily dose of domperidone (≤30 mg per day, >30 mg per day). To assess effect modification, we also conducted stratified analyses with respect to age (50-66, >66), pre-existing vascular disease (cardiovascular disease, peripheral vascular disease, diabetes), and concomitant use of QT-prolonging drugs.
Sensitivity analyses. To explore the effect of potential misclassification of current exposure on the estimated RR, we changed the time window for current exposure to 60 days. We also repeated the primary analysis with covariates measured during two different time periods, to assess the potential adjustment for factors in the causal pathway between exposure and outcome. We first adjusted for confounding variables measured 366-730 days before the index date and then we adjusted only for covariates measured in the year prior to cohort entry. Finally, the primary analysis was repeated after excluding patients who spent more than 30 days in hospital in the 3 months prior to the index date, to evaluate the potential for immeasurable time bias [20] . In a post-hoc analysis, the primary analysis was performed after excluding SCD cases identified using the less specific ICD code 798.9 and R98, i.e., unattended death, to assess the impact of increasing the specificity of case definition.
Meta-analysis
Inverse variance weighted RRs and 95% CIs were calculated to estimate the total effect across all study populations using fixed and random effects models.
This study is registered with ClinicalTrials.gov, number NCT02500108.
Results
A total of 214 962 patients newly diagnosed with Parkinson's disease were identified across all sites after applying inclusion and exclusion criteria (Figure 1 ). The mean age at cohort entry was 74.4 years and 52.6% were women. Among this cohort, 2907 cases of VT/SCD were identified during a total of 886 581 person-years of follow-up, yielding an incidence rate of 328 per 100 000 persons per year. The incidence rates varied across the databases from 192 per 100 000 persons per year in Saskatchewan, 246 in CPRD up to 534 in Québec and 901 in Nova Scotia. These variations in rates are likely related to the heterogeneity in the information available in databases, in particular details of hospitalizations and variation in death certificate reporting to vital statistics databases. Five cases could not be matched to any control and were therefore excluded from the analyses, leaving a total of 2902 cases matched to 81 347 controls. Characteristics of cases and their matched controls at index date are presented in Table 1 . As expected, cases had a greater prevalence of comorbidities such as hypertension, diabetes and cardiovascular disease than controls. They were also more likely to be treated with antithrombotic or antiarrhythmic drugs than their matched controls.
At index date, 111 cases (3.8%) were currently exposed to domperidone. Based on fixed-effects meta-analyses, current use of domperidone was associated with a 22% increased risk of VT/SCD nearly reaching statistical significance (RR 1.22; 95% CI 0.99-1.50) compared to non-use (Figure 2 ). There was no clear trend towards an increased risk with recent or past use (Supplementary Figure S2) . When current use was stratified by duration of use, short-term use (less than 30 days) and more prolonged use were both associated with a non-significant increased risk (35% and 24%, respectively) ( Figure 3 ). Current use of 30 mg daily was associated with a non-statistically significant increased risk of VT/SCD (RR 1.30, 95% CI 0.99-1.71), whereas a more modest estimate was observed with higher daily dose (RR 1.17, 95% CI 0.87-1.59) (Figure 4) . The risk was greater in those with a history of vascular disease and statistically significant (RR 1.38; 95% CI 1.07-1.78) ( Figure 5 ). There was also a trend towards an increased risk regardless of concomitant use of other QTprolonging drugs ( Figure 6 ). The number of exposed cases in stratified analyses with respect to age was too small to allow for meaningful conclusions.
In sensitivity analyses, changing the definition of current exposure to domperidone to 60 days prior to the index date resulted, as expected, in a lower point estimate (RR 1.17; 95% CI 0.96-1.41) (Supplementary Figure S3) . Repeating the primary analysis while adjusting for potential confounders measured 366-730 days before the index date or in the year before cohort entry yielded a higher excess risk, 34% and 43%, respectively, which was statistically significant (Supplementary Figures S4 Figure 1 Details of cohort definition Table 1 Characteristics of cases and controls* Cases (n = 2902) Controls † (n = 81 347)
Age group at index date (n,%) Figure S6) . Restricting the analysis to more specific ICD codes of VT/SCD, the RR was 1.25 (95% CI 1.00-1.57) (Supplementary Figure S7) .
Discussion
To our knowledge, this is the first population-based study to investigate whether domperidone use is associated with an increased risk of VT/SCD in patients with Parkinson's disease. Strong inhibitors of CYP3A41 (measured in the month prior index date) 58 2.0 657 0.8 *Small cells (count ≤ 5) were suppressed by participating sites due to privacy restrictions. We assigned a value of 3 to these cells. For this reason, the sum of count data may differ slightly from the presented total. †The means and proportions among controls were weighted by the number of controls per case and then weighted by the number of cases per site. ACE, angiotensin-converting enzyme; ARBs, angiotensin receptor blockers; COPD, chronic obstructive pulmonary disease.
The results of this study indicate that patients with Parkinson's disease currently using domperidone had a 22% increased risk of VT/SCD compared with non-users although the estimate did not reach statistical significance. An excess risk might exist regardless of dose and duration of use. The risk was greater in those with a history of cardiovascular disease and statistically significant. The risk may also be increased in those without cardiovascular disease, however. Given the lack of traditional statistical significance in the Parkinson's population as a whole, an alternative explanation, although unlikely, is that there is no increase in risk of VT/SCD with domperidone in this population. Several case-control studies have found that use of noncardiac QT-prolonging drugs, including oral domperidone, increased the risk of sudden death in the general population; however, these studies were not designed to evaluate individual drugs [2, 4, 5] . Two studies specifically assessed the risk of VT/SCD associated with oral domperidone in the general population [3, 6] . The first study, a population-based casecontrol study conducted in the Integrated Primary Care Figure 2 Adjusted rate ratios of ventricular tachyarrhythmia/sudden cardiac death associated with current use of domperidone compared to no use 
Figure 5
Adjusted rate ratios of ventricular tachyarrhythmia/sudden cardiac death associated with current use of domperidone compared to no use, stratified by vascular disease. Among cases and controls without vascular disease (top panel) and with vascular disease (bottom panel)
Information (ICPI) database in the Netherlands, comprised 1366 cases (62 VT and 1304 SCD) and 14 114 matched controls [6] . Ten cases (all were SCD) were currently exposed to domperidone at index date. Current use of oral domperidone was associated with a non-significant increased risk of SCD (OR 1.99; 95% CI 0.80-4.96), which was driven by an increased risk with daily doses greater than 30 mg (OR 11.4; 95% CI 1.99-65.2) but not with current use of 30 mg daily (OR 1.02; 95% CI 0.23-4.42). These associations were based on only four cases exposed to domperidone 30 mg and four cases exposed to >30 mg. We were unable to show a difference in risk between doses less than 30 mg compared to doses of 30 mg or more. One explanation may be that misclassification of exposure is greater for patients exposed to higher doses, biasing point estimates downwards. Indeed, patients prescribed higher doses may be more likely to take less than the maximum prescribed dose or to be instructed to take up to maximum daily dose only if symptoms persist. On the other hand, our results indicate that the risk may exist even at small doses in patients with PD who represent a more vulnerable population than the general population.
The second study was a nested case-control study performed in the linked administrative databases of Saskatchewan Health [3] . Among 1608 cases of VT/SCD, 169 were currently exposed to domperidone. Current use of oral domperidone was associated with an increased risk of VT/SCD compared with non-use (OR 1.59; 95% CI 1.28-1.98). When stratified by age, the risk was increased in patients older than 60 years of age (OR 1.64; 95% CI 1.31-2.05) but not in younger patients (OR 1.10; 95% CI 0.35-3.47). The number of cases exposed in this stratified analysis was not reported. This study did not examine a dose-effect relationship. Following these new findings and based on all available evidence, health regulating agencies issued further restrictions to the use of domperidone in the general population [7, 8] . More recently, a case-crossover study confirmed these findings in the Taiwan Longitudinal Health Insurance Database although the authors reported an increased risk of VT/SCD also with doses of 30 mg or less (OR 1.51; 95% CI 1.36-1.67) [21] .
Little is known about the effect of domperidone in patients with Parkinson's disease, although it is commonly used as an antiemetic agent to treat gastrointestinal symptoms caused by antiparkinsonian drugs. In a recent crosssectional study of 360 patients with Parkinson's disease in the UK, more than a third were taking QT-prolonging medications and domperidone was the most frequently prescribed [22] . Moreover, the prevalence of prolonged QT interval was higher in Parkinson's disease patients exposed to these drugs compared to those who were not [23] . Recently, concerns were raised about use of domperidone in patients with Parkinson's disease as they may be particularly susceptible to developing QT prolongation and subsequent arrhythmias [24] . Indeed, Parkinson's disease is associated with autonomic cardiac dysfunction which may in itself be a risk factor for QT prolongation [25] . Moreover, Parkinson's disease occurs in the elderly with several associated comorbidities which may make them more prone to cardiac adverse events associated with domperidone use. Results of our pooled analysis suggest an increased risk in patients with PD, regardless of dose and duration of use.
Through the CNODES collaborative network, we were able to assemble a sufficiently large cohort of patients with Parkinson's disease to examine the risk associated with domperidone use. The selection of cases and controls was undertaken among this well-defined cohort in each jurisdiction thus minimizing the potential for selection bias. Moreover, exposure to domperidone and all potential confounders were time-dependent as a result of the risk-set sampling scheme used for selection of controls. Finally, all data were collected prospectively, thereby eliminating the potential for recall bias, in particular regarding the exposure of interest. However, definition of exposure was based solely on prescriptions issued or filled and not on prescriptions actually taken by the patients. This could result in misclassification of exposure that is likely to be non-differential between cases and controls, therefore potentially biasing the results towards the null. Also, given that the half-life of domperidone is 7-9 h, an effect would not be expected more than a few days after the last pill was taken. As we were not able to precisely measure duration of use, we relied on prescriptions issued in the month before the index date to define current exposure. Consequently, some current users may actually have been unexposed which could again bias the results towards the null. Despite the potential for misclassification of exposure and underestimation of the magnitude of effect, we nevertheless observed an increased risk of VT/SCD.
Another potential threat to validity is the potential bias introduced by misclassification of the outcome as identifying SCD in databases may be challenging. A previous study has shown that identifying sudden cardiac death using an appropriate computer algorithm in administrative databases was feasible, with a positive predictive value of 86% in their sample, suggesting that the proportion of outcomes misclassified would be small [14] . We used a three-step procedure to identify all cases and this process included an algorithm followed by manual review of all available medical information for each potentially eligible case as previously done [26] , resulting in a more accurate definition of SCD [27] . Estimates across all databases were consistent towards an increased risk of VT/SCD with current use of domperidone except in the province of Québec where there was a null effect with current use and a trend towards an increased risk with past use. Consequently the effect of current use was diluted and the point estimate lower as Québec represented more than 50% of the weight in the pooled analysis. The numbers of cases selected based on the less specific code for SCD, i.e., unattended death, was surprisingly high in the Québec database, in contrast with other provinces which may be related to administrative determinants of coding of outpatient deaths. However, excluding risk-sets with cases of unattended death only modestly increased the point estimate. Another explanation may be the lack of available information in the Québec database to correctly identify and exclude patients in long-term care facilities or in hospital when we manually reviewed the potential cases. This hypothesis is corroborated by the higher rate of VT/SCD in Québec, reflecting the fact that we were not able to exclude as many potential cases as in other databases, thereby introducing misclassification of the outcome and immeasurable time bias [20] as exposure is not available for patients in hospital and long-term care. Of note, this higher rate of VT/SCD in Québec is not explained by a higher exposure to domperidone in their cohort, which was 11% and very similar to other provinces.
Regarding potential residual confounding, which is always of concern in an observational study, we undertook several sensitivity analyses measuring covariates at different time points. Similar risks of VT/SCD were seen in all analyses.
In summary, domperidone use may increase the risk of VT/SCD in patients with Parkinson's disease, particularly those with a history of cardiovascular disease. This risk may be underestimated because of imprecision in identifying VT/SCD events. Therefore, physicians may reconsider using this drug unless the expected benefits clearly outweigh the excess cardiac risk.
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